Magnetic nanomaterials with controllable morphology and dimensions are important for the fabrication of nanoscale devices and functional materials. 1, 2 Recently, the formation of one-dimensional (1-D) nanostructures, such nanowires and nanorods, has attracted considerable attention due to their large anisotropic magnetism and surface area, which are excellent for applications in permanent magnets, high-density magnetic storage media, sensors, and catalysts.
3,4 1-D Co nanostructures have been prepared by a variety of methods, including microlithography, 5 vapor-liquidsolid growth, 6 surfactant-assisted electroless deposition, [7] [8] [9] and template-based electrodeposition. 5, [10] [11] [12] [13] [14] Among these methods, template-based electrodeposition has successfully fabricated wellaligned magnetic nanowires and nanorods with controllable diameter and length. However, application of these methods to large-scale production is complicated by the preparation of the templates and their subsequent removal from the nanowires or nanorods. [15] [16] [17] Recently, the application of magnetic fields during solution reduction, e.g. hydrothermal and solvothermal syntheses, has been widely used to fabricate 1-D Co nanostructures due to its simplicity and effectiveness. [18] [19] [20] However, these processes need high temperature, high pressure, and long reaction time.
We have synthesized metallic spherical Co nanoparticles by electroless deposition in an aqueous solution at room temperature using hydrazine monohydrate (N 2 H 4 H 2 O) as a reductant. 21, 22 The overall cobalt deposition reactions are described as follows
where Co(II) represents all Co(II) species in the solution, e.g. Co 2þ , Co(OH) 2 , HCoO 2 À or Co(OH) 3 À , CoO 2 2À and Co(OH) 4 2À . In this work, Co nanowires are fabricated by performing the above reactions under a magnetic field of 10 T. The formation mechanism of Co nanowires is investigated by observing the change in mixed potential with time and the evolution of morphology and structure of the products under a magnetic field. The present method offers a simple and inexpensive room-temperature fabrication for Co nanowires in an aqueous solution.
Experimental
All chemical reagents used were reagent-grade (Nacalai Tesque, Inc. After the reaction for 1 h, Co nanowires were magnetically separated from the solution and ultrasonicated for 10 min in ethanol (C 2 H 6 O). This washing process was repeated 10 times to remove organic contaminants.
The samples were observed by a field-emission-scanning electron microscope (JEOL JSM 6500-F) and a transmission electron microscope (TEM, JEOL JEM 2010). The mean diameter was calculated from the values of 100 nanowires measured by image analysis. Similarly, the lengths of the nanowires were also measured. The crystalline structure was analyzed by X-ray diffraction (XRD, MAC Science M03XHF22) using Cr Ka radiation. The mixed potential was monitored by a potentiostat=galvanostat (Hokuto Denko Co. Ltd., HA-151) using a Ptsputtered quartz crystal substrate and a silver=silver chloride (Ag=AgCl) electrode in 3.33 M potassium chloride (KCl) aqueous solution (Horiba 2565-10T) as working and reference electrodes, respectively. Figure 1 shows the electron micrographs of the products after electroless deposition in an aqueous solution at room temperature under 0 and 10 T. Spherical Co nanoparticles with a mean diameter of about 54 nm are prepared under 0 T as shown in Fig. 1a . When a magnetic field of 10 T is applied, Co nanowires of less than 30 lm long and an average diameter of about 59 nm are formed. The nanowires in Fig. 1b consist of self-aligned spherical nanoparticles. Although Co nanoparticles in Fig. 1a are somewhat linearly agglomerated even without the magnetic field, the morphology of the nanowires fabricated under 10 T is evidently different from them. Further, the nanowires exhibit some degree of mechanical strength since they maintain the morphology even after ultrasonication during washing. Without a magnetic field, Co nanoparticles magnetize one another by weak dipolar interactions, resulting in agglomeration during the reaction. In contrast, the Co nanoparticles are strongly magnetized by an external magnetic field, and localized magnetic fields are induced along the field direction. 17 Consequently, the dipole moments of Co nanoparticles are increased and self-assembly of Co nanoparticles into nanowires proceeds parallel to the magnetic field.
Results and Discussion
To elucidate the influence of magnetic fields on the assembly of Co nanoparticles in an aqueous solution, 52 nm Co nanoparticles are subjected to a field of 10 T for 1 h after washing. As shown in * Electrochemical Society Student Member. ** Electrochemical Society Active Member.
z E-mail: balela.m@hw8.ecs.kyoto-u.ac.jp Since Co nanoparticles could be magnetized by strong magnetic fields, it is reasonable to expect that the nanoparticles would also assemble into linear chains. However, attractive dipole interaction between Co nanoparticles is possibly too weak to maintain the linear chains. They easily break up during washing unless Co atoms, which are generated in the solution during electroless deposition, deposit on the gaps between nanoparticles and fix the structure. Figure 2 shows the corresponding XRD profiles of the samples. The diffraction peaks of the products are fundamentally attributed to both hexagonal close-packed (hcp) and face-centered cubic (fcc) Co. The strongest peak at 68.0 and the small peak at 80. 5 are 111 and 200 of fcc Co, respectively. The peak at 68.0 has a shoulder at a higher scattering angle because of the presence of the 002 hcp Co peak at 68.9 . The diffused peaks at 63. 8 and 73.6 are 100 and 101 of hcp Co. The crystallite sizes of Co nanoparticles (12 nm) and nanowires (15 nm) calculated from the 111 fcc Co peaks by Scherrer's equation are smaller than the apparent particle sizes or the apparent wire diameters ($54-59 nm). This indicates that they are polycrystals. A very weak peak at about 55.5 is attributed to CoO, which is formed on the surface of the products during washing and XRD measurements in air after the reaction. (Fig. 3e) show the same hcp and fcc Co peaks with similar intensity ratios. This suggests that the structure of Co is not affected by the magnetic field. Figure 4 shows the changes in mixed potential with time during electroless deposition of Co. From the thermodynamical viewpoint, Co can only be deposited when the mixed potential is less than the redox potential of the Co(II)=Co redox couple, E Co(II)=Co ¼ À0.62 V vs SHE (standard hydrogen electrode), calculated by the Nernst equation assuming that the Co 2þ aquo ions equilibrate with Co(OH) 2 and the total concentration of Co(II) is 0.087 M. [21] [22] [23] The mixed potential decreases below -0.62 V after 4 min and the solution color starts changing from pink to black. This indicates that a very fast reduction of Co(II) has started, i.e. many Co atoms are generated at a time in the solution. This is consistent with the SEM and XRD analyses of the product, i.e. the 42 nm Co nanoparticles in Fig. 3a is metallic Co (Fig. 3e) . At 10 min, the mixed potential decreases to about À0.78 V, which implies larger driving force for Co(II) reduction. Co(II) ions are then more easily reduced and the diameter of the nanoparticles is increased as shown in Fig. 3b . The Co nanoparticles rapidly grow in all lattice directions even under the magnetic field, which coincide with the XRD profiles in Fig. 3e . The mixed potential then increases gradually after 10 min since the total anodic current progressively decreases as more hydrazine is consumed by the reduction reactions. 21, 22 A schematic diagram illustrating the stepwise formation of Co nanowires in aqueous solution under an external magnetic field is shown in Fig. 5 . At the early stage (Step I), minute Co nanoparticles are formed in the solution as primary particles, regardless of the presence of an external magnetic field as in Fig. 3a . Generally, the orientation of each nanoparticle in the solution is random when no external field is applied. In the presence of a strong magnetic field, these nanoparticles are magnetized and would start to align. Since the dipole magnetic moment is proportional to the volume of a nanoparticle, the interaction between the nanoparticles is too weak to overcome solvent motion during the reaction. With a longer reaction time, the primary Co nanoparticles grow (Fig. 3b) as in Stage II and their magnetic interaction becomes stronger to be significantly affected by the magnetic field. Subsequently, when the dipole magnetic moments of the nanoparticles are oriented along the external magnetic field, attractive interactions are induced parallel to the magnetic field. Thus, neighboring Co nanoparticles start to assemble along the magnetic field direction and form linear nanoparticle chains (Stage III) as shown in Fig. 3c . As the reaction proceeds, Co atoms, which are simultaneously generated in the solution, deposit especially on the gaps between the spherical nanoparticles because of the reduction of interfacial energy as in Stage III. This leads to the formation of Co nanowires. If a stronger magnetic field is applied, formation of thick parallel arrays of Co nanowires occurs as in Fig. 3d (Stage IV).
Conclusion
Co nanowires of about 59 nm diameter and lengths up to 30 lm are prepared by electroless deposition in an aqueous solution at room temperature under an external magnetic field. When the mixed potential of the solution decreases below E Co(II)=Co , spherical Co nanoparticles are first precipitated in the solution, regardless of the magnetic field. The Co nanoparticles grow and then orientate parallel to the magnetic field. These oriented Co nanoparticles attach to one another due to attractive dipolar interactions, and Co atom deposition on the gaps between the nanoparticles stabilizes the structure. Subsequently, strong Co nanowires are formed. 
